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With the use of the daily operation summaries from 
three refineries located in Europe and Asia, a computer 
study has been carried out to predict the product qualities 
and quantities of alkylation units*
Data points, with different feedstocks at different 
operating conditions, have been evaluated through statist­
ical modeling and least-square polynominal curve-fitting 
by Gaussian elimination* .
A linear-regression computer program was used to find 
linear models for the alkylation units; results obtained 
from computer study were correlated with the published re­
sults in the literature* They are presented in various 
tables for comparison in "Discussion of Results” part of 
this study*
All the computer programs shown in the appendices 
were written in Fortran IV and run on the PDP-IO computer 
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The demand for motor gasoline of 100 octane and 
higher has increased the importance of the alkylation process 
in petroleum refining. Originally this process was used 
for the production of aviation fuel, but since the close 
of World War II, this method has also proved its importance 
for motor alkylate production. The alkylate produced is not 
only clean-brrning, but also has very good tetraethyl lead 
susceptibility. Because it can be leaded to as high as 
110 research octane, it can be added to lower-octane materials 
to increase the octane of the blend0 Thus, it is a very 
important component of the gasoline pool.
U.S. refining alkylation capacity has increased from 
about 275,000 BPSD(barrels per stream day) at the beginning 
of 1957 to about 655*000 BPSD at the beginning of 1968 for 
an annual average increase of about 3^*500 BPSD. The average 
annual increase in alkylation capacity during the last two years 
was about 9«5 percent. On comparison of this increase with the 
gain in total gasoline demand of 3*9 percent, it is apparent 
that the alkylate content of gasoline is increasing.
The goal of this study is to try to develop basic' relation­
ships to predict products, properties, and effect of operating 
conditions v/hic.h can be used for preliminary evaluation of 




The primary reactions in the alkylation of isobutane 
produce octanes from butylenes, heptanes from propylene, and 
nonanes from amylenes, Some of the undesirable reactions produce 
methyl-, dimethyl-and trimethyl hexanes, propane, butanes, iso- 
pentane and polymers,
Alkylation occurs by the carbonium ion mechanism.
Detailed studies of such reactions are given by Jernigan and 
colleagues (1965» P* 9*0 » and by F, Albright(1970, p,^3*0*
The initiation reaction is the following:
©(1) C - C = C - C + H X    C - C - C - C  + X“ -  -
Butylene-2 Acid Secondary Carbonium Ion©C - C - C + XI
c
Tertiary Carbonium Ion 
The alkylation of propylene, butylenes, and pentylene then 
occurs by the following methods.
P r o p y l e n e : n r
T ©  i(a) C - C = C  + © C - C    C - C - C - C - Ci i
Propylene Tertiary Secondary Sarbonimm Ion
Carbonium Ion
©  C ? C
(b) C - C - C - i  - C  ch3 and— — ►  C - c - c - c - c
6 shift ®
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C C C C1 I I I(c) C - C-C - C - C  + c - C - C  »» c - C - C - C - C .® I
Isobutane 2,3 Dimethylpentane
I
+ c -  c -  c
(2) Overall Reaction: C^H^ + 6
Isobutylene: ^ ^
©  1(a) C - C = C + ©C - C ------- C  - C -  C -  C -  C
I I I I
c c c c
Isobutylene Tertiary Secondary Carbonium Ion
^  n Carbonium Ion C ^©  9 1 ©(b) c - c -  c - c -  c + C - C  - c — *- c - C - C  -C-C + c -C-C
1 6  * I I Ic G C C C
Secondary Carbonium Isobutane 2,2,^ Trimethylpentane 
Ion
(3) Overall Reaction: ^ H g  + ^4^10— **^8^18 
’Pentene - 2:
“  ’ C _ C
I ®  I
c -  c -  c = c + © c  - c    c - c - c - c - c - c
I I I I
c c c c
pentene - 2 Secondary Carbonium Ion
©  °\ CH. and H ©  °\
C - C - C - C - C - C  ------ 2-------^  c - C - C - C - C - C
C C shift ^ ^
Secondary Carbonium Ion Tertiary Carbonium Ion
®  c, ? ©
C - C - C - C - C - C  + C - C -  C — C - C -  C - C - C - C  + c-c-c
I I 1 I I I
c c 0 c c c
Isobutane 2,2,5 Trimethylhexane
(̂ ) Overall Reaction: C^H + ^^10--*"^9^2 0
Having followed the above reactions, it is quite 
noticeable that the carbonium ion attempts to get into its most 
stable form, that of a tertiary carbonium ion. This occurs by 
a hydrogen and/or methyl shift.
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Some of the products will also shift rapidly into more 
stable isomers. Such is the case with the 2,3 - dimethylpentane 
formed from propylene and isobutane. Its shift to 2,^ dimethyl­
pentane is quite rapid, and considerable quantities of this isomer 
appear in the product.
Along with these desirable reactions, there may also 
occur several undesirable side reactions. Those reactions are 
promoted by various operating conditions. Whereas butylene-2 
tends to form the desirable high octane: trimethylpentanes, buty- 
lene-1 will form the undesirable, much lower-octane material, 
dimethylhexane, If low enough temperature prevails in the 
alkylation reaction zone, butylene-1 will isomerize to butylene-2 
before entering the alkylation reaction. This cuts down 
considerably on the amount of dimethylhexanes which will be 
produced. However, when it is not economical to use low 
temperatures, such as in hydrofluoric acid units, there will be 
a greater percentage of dimethylhexanes in the alkylate product. 
The most serious side reaction that occurs is self- 
alkylation, or hydrogen transfer, which converts olefins to 
saturated products. Thus, the presence of propane, butane, and 
isopentane in the alkylate is explained. Another side reaction 
is the polymerization of olefins which increases acid 
consumption (in the H^SO^ units) and produces tars(in the HF 
units). It also reduces the yield of valuable products. The 
formation of these polymers occurs when there is an insuffi­
cient supply of isobutane to the contactors, so the olefins 
begin to combine with each other ,
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Operating Factors
The basic factors which must be taken into consider­
ation for alkylation include not only the type of catalyst 
and quality of feed stock, but also several process vari­
ables. These variables include the isobutane-to-olefin 
ratio, reaction time, space velocity, temperature, acid 
strength, mechanical mixing, and acid settling.
(1) Catalyst.
The catalyst first used on a wide commercial scale 
was sulphuric acid. Hydrofluoric acid was later tried in 
commericial units and proved to have several advantages 
over sulphuric acid. HF acid needs no refrigeration for 
cooling the reactor, but mixing is required. The unit must 
include water-cooling tube bundles and mechanical mixers in 
the reactors for optimum alkylation. Another advantage of 
the HF catalyst is that it can be regenerated at the unit 
and reused, whereas spent H2S0ij. needs to be hauled away 
and fresh acid brought in, when the acid concentration 
drops below 88 percent which gives rise to poor quality 
yields.
(2) Isobutane-to-olefin ratio.
An excess of isobutane is always required to prevent 
olefin polymerization. This is necessary because the con­
ditions which favor alkylation also favor polymerization.
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The ratio of isobutane to olefins in the reactor charge 
usually varies between 5*1 to 10:1 in commercial units. By 
increasing the isobutane charge rate, the consumption of 
catalyst is reduced, the octane rating of the products is 
improved, and the end point is lowered.
Aside from the charge isobutane-olefin ratio, another 
way of indicating the ratio is to take the percentage of 
isobutane in the reactor effluent. In a H^SOj^ unit the 
reactor effluent, minimum isobutane, content is usually 50 
percent. Below this value, the number of polymers which 
would be produced would be quite high. The percent iso­
butane in the HF reactor effluent is not a critical factor,
(3) Reaction time.
This is a variable that is hard to determine because 
it can be stated in so many different ways. With a hydro­
fluoric acid catalyst at 100°F, alkylation takes place 
quite rapidly. At temperatures below this, the reaction 
will be slower, but the reaction time will still be under 
ten minutes.
In sulphuric acid units the reaction is relatively 
slow because of the lower operating temperature. There­
fore, the reaction time is not usually expressed in minutes, 
but instead, is stated indirectly as space velocity. The 
reaction time varies between 2.5-10 minutes.
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(*0 Space velocity.
This variable is used primarily in sulphuric acid 
units. It is defined as gallons of olefin per hour in the 
feed, per gallon of acid in the reactor. Sulphuric acid 
units producing motor alkylate normally operate at space 
velocities between 0.1 and 0.^. The highest yields and 
product qualities are normally obtained at the lowest space 
velocities.
(5) Temperature..
The temperatures used in alkylation unit reactors are 
restricted to a fairly small range due to the design limit­
ations on the equipment. The viscosity of sulphuric acid 
limits the operating temperature to a range between 35°F to 
50° F,
In hydrofluoric acid units, the cooling water consider­
ations are the limiting factors. Published literature gives 
typical HF alkylation temperatures to be in a range of 90°F 
to 100°F.
The lower the temperature in an alkylation reactor, the 
better the qualities of the product will be. Because alkyla­
tion is a fairly rapid reaction, it will essentially go to 
completion regardless of temparature. Thus, if the temper­
ature in a reactor is decreased, the amount of undesirable 
reactions relative to alkylation will also be reduced.
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(6 ) Ac .id strength.
The strength of the acid used in an alkylation unit 
is highly important in relation to the octane number (in 
sulphuric acid units) and the tar production (HF and sulphuric 
acid units)•
Fresh acid to the H2SO24. reactors has a concentration 
of about 96 percent. Recycled acid varies between 90-92 per­
cent H2SO4 , and is usually discarded before the concentra­
tion drops below 88 percent. Concentrations below 88 per­
cent cause increased tar production and lower octane numbers.
In an HF alkylation unit acid strengths may vary as much 
as 86-91 percent HF with little octane change or yield 
change in the alkylate. However, if the concentration of 
the HF drops below 83 percent, polymer production increases 
and acid regeneration requirements also increase.
(?) Mechanical, mixing.
Mechanical mixing within the reaction zone is necessary 
in a sulphuric acid unit to assure internal circulation of 
the isobutane with the olefins. These mixers are not neces­
sary with HF units, but most of the refineries employ a 
mixer for each reactor to insure optimum reaction conditions.
(8) Acid settling;.
This aspect of processing is not really a process vari­
able, but instead is more a design consideration. -Sulphuric 
acid units require acid settlers because a fairly stable
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emulsion occurs during reactor mixing. The only HF alkylation 
units which require settlers are those which are equipped 
with mechanical mixers. HF acid has a greater tendency than 
H2S0^ acid to separate from the hydrocarbon phase within a 
short period of time.
(9) Acid-to-hydrocarbon ratio
This is an important process variable for HF units. It 
directly gives an idea about polymer production, which occurs 
by side reactions, and acid regeneration requirements. It is 
not a fundamental factor for H^SO^ units simply because 
H2S0^ is hauled away when the concentration drops below 
certain values as explained before. The ratio should be kept 
between 1.1 - 3*0 to obtain high quality alkylates for HF 
alkylation units.
In this study all of the operating factors were taken 
into consideration except mechanical mixing and acid settling. 
As mentioned earlier, acid settling is a design consideration 
rather than an operating factor; mechanical mixing, on the 
other hand, was not included in the correlations,, because 
of insufficient data available.
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Feed Stocks
The most desireable feed stock for alkylation is the 
butylene-isobutane portion of catalytic cracking products. 
However, as different catalytic cracking units give different 
olefin quantities and qualities, the resultant alkylate 
quantity and quality can also vary. Propylene and amylenes 
are also used to a limited extent.
The highest quality components in the alkylation product 
(that is, the components with the highest octane numbers) are 
the trimethylpentanes. Therefore, these are the most desir­
able products, and the alkylation reaction conditions are 
controlled in order to obtain a maximum amount of these 
iso-octanes. On a pure component basis, isobutylene and 
butylene-2 will alkylate isobutane quite readily to form 
trimethylpentanes®. On the other hand, butylene-1 will react 
to form dimethylhexanes which have very low octane numbers.
If conditions are right within the contactors, some of the 
butylene-1 will isomerize to butylene-2, and subsequently 
react to make trimethylpentane, Since butylene-1 to 
butylene-2 isomerization is dependent upon operating condi­
tions, it is more desirable to obtain feed stocks which have 
a relatively low percentage of butylene-1,
Table (l) illustrates the differences in octane numbers 
for the trimethylpentanes and dimethylhexanes.
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Propylene and amylene are both inferior as feed stocks 
when compared with butylenes. Propylene produces lighter 
alkylates than do the butylenes, whereas amylenes produce 
heavier alkylates. Both of these alkylates have a lov/er octane 
than the alkylates produced from butylenes. Also, in the 
sulfuric acid process, the acid consumption will be two or 
more times greater when charging propylene and amylenes.
Acid consumption is not affected when charging propylene or 
amylenes to the hydrofluoric acid process, but there is a 
higher percentage of tar made.
Diolefins, mercaptans and I^S are considered to be con­
taminants in the charge because the quality of the resultant 
alkylate is adversely affected. HgS and mercaptans form free 
sulphur, making the product corrosive. They also lower leaded 
octane ratings of the alkylate and increase catalyst consumption. 
Diolefins also increase catalyst consumption, and this is more 
apparent in sulphuric acid than in hydrofluoric acid units.
Table (2) shows the typical ranges of compositions of components 
which are charged to alkylation units.
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TABLE 2
Typical charge to alkylation units
Component Liquid Volume Percentage
c2 o -  0.35
C3 19.56 - 23.39
c3 1^.8? - 15.58
IC^ 1 8 .56  -  2 0 .1 9
NC^ 7.98 - 8.60
2 2 .9 5  -  25 .03  
I C 5 it-.52 -  8 .6 0
NC- 0.12 - 0.85
cZ 1.77 - 5.89
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Process Flow
Since both hydrofluoric acid and sulphuric acid units 
are designed to serve the same purposes, only the former one 
will be discussed here. Historically, alklylation processes 
usually follow a common flow pattern and differ little with 
the concepts of the time. This is in direct contrast to the 
current progress being made in reactor and in separator 
techniques. The process under consideration is the UOP 
Hydrofluoric acid process. (Fig. l)
The fresh feed is composed of olefin(l), &nd isobutane
(2), which combine as a single charge, (3) before entering an 
alumina dryer. There are two of these dryers in the unit so 
that one of them may be used while the other one is being re­
generated. After leaving the dryer, the fresh feed is com­
bined with the isobutane recycle from the isostripper overhead, 
and the depropanizer bottoms(4). This unit employs three 
Stratco reactors of the contact type. These are of a shell 
and tube design with coolant water passing through double­
pass tubes, and the reactants being contacted on the shell 
side. Steam-driven impellers located at the opposite end 
from the cooling tubes to force the hydrocarbon feed down 
the shell side to the cooling area. In the contactors, 





































The acid-hydrocarbon stream from each contactor passes 
overhead to its respective acid settler (5 ) where the acid 
settles to the bottom and is withdrawn. Acid from the first 
settler goes to the second reactor; acid from the second 
settler goes to the third reactor. The acid draw-off from 
the third settler goes to the hydrofluoric acid regenerator 
which contains six Mones Koch Flexitrays for separation.
After regeneration, the acid is combined with fresh feed 
acid and flows into the first reactor. The tars which 
were recovered during regeneration are drawn off the bottom 
of the regenerator. The reactor effluents leave the acid 
settlers overhead and flow to the top tray of the isostripper. 
At this point (6 ), the hydrocarbon is composed of paraffins 
(ethane through pentane), unreacted isobutane, alkylate, and 
dissolved acid. The first hydrocarbon cut is made at the 
isostripper with alkylate leaving the bottom (1 2 ), and 
isobutane and lighter going overhead to the condensers.
Partial condensation results, in a 70-percent pure isobutane 
stream (8 ) with the remainder totally condensed (7 ) as the 
depropanizer feed. The isobutanes and lighter are charged 
to the 25th tray of the depropanizer where propane, lighter 
materials, and any remaining hydrofluoric acid are separated
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from the isobutane. The depropanizer bottom (10) with about 
85-percent isobutane combines with stream (8) and (9) to 
form the total isobutane (^) recycle stream, the overheads 
are condensed and are partially recycled to the depropanizer? 
the rest goes to the HF stripper where HF, Cg's, and lighter 
are taken off overhead. This is accomplished with Raschig 
rings as the contact medium. The HF stripper bottoms product 
is propane, which is then sent to the caustic wash (11).
Under normal conditions the debutanizer tower does not process 
the raw alkylate. Under circumstances where a lower vapor 
pressure is desired for the alkylate, it is run through the 
debutanizer (12) to separate the butanes and lighter from 
the alkylate product. For aviation alkylate, either the 
debutanizer or the rerun tower at the platformer is used for 
final fractionation.
HF alkylation has one inherent problem: which
are present in the feed tend to accumulate in the depropanizer 
reflux drum. When the built-up of Cg's has become excessive, 
they are vented along with some HF.
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STATISTICAL MODELING
The data from 19 tests obtained from a hydrofluoric 
acid unit were put into a basic equation which took the 
form in Table 3* The range of variables (Table covered 
in the analysis indicated is as follows*
1. Temperature, (°F): 88-95
2. Acid to Hydrocarbon Ratio: 1.5-3*2
3# Acid Strength: 91*^-9^*^
kP Isobutane to Olefin Ratio: 7.68-13.0
And the normal acceptable range of these variables in 
commercial hydrofluoric acid units are:
1. Temperature, (°F): 85-100
2. Acid to Hydrocarbon Ratio: 1.1-3.0
3. Acid Strength: 86-95
Isobutane to Olefin Ratio: 5*0-10.0
The X's in the model refer to the variables just describ­
ed, the coefficients ( b..b. ..b.. ) being developed from data.i* io ii
(Table 5)
A computer program RON.F^ has been prepared (Appendix 1) 
to compute clear research octane numbers. The results from 
output were found to be agreeable with the results of the
octane comparator (Table 6), and in addition covered the
range.of conditions in more depth. The results were also 
compared with the published' data by Phillips Petroleum 
Company, and by AVGAS progress, Field and Gould, 19^6(Table 7).
TABLE 3
Statistical Model for HF Unit
4 V-RON = Bo +J BiX. Bu xf +
i=l i=l
+ B1^X1X^ + B23X2X3 +
Variables in the Analysis
= Reactor Temperature, °F 
%2 ~ Acid to Hydrocarbon Ratio
*= Acid Strength 
Xi, = Isobutane to Olefin Ratio
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TABLE 4
HF Alkylation Operating Data
CLEAR I-Ck/OLEFIN ACID REACTOR ACID/HC
RESEARCH RATIO STRENGTH TEMP,°F RATIO
OCTANE___________________ ■ ________________________
90.8 12.70 ,9b.b 89 1.8
90.6 1 1 . bz 92.9 88 1.6
90.^ 13.00 92.9 9b 1.8
90.3 11.08 93.7 90 1.8
90.3 11.01 9b.b 89 1.8
90.2 11.85 92.0 90 2.b
90.2 9.92 91.9 91 2.2
90.1 11.85 92.0 9b 2.b
90.1 1 1 .1? 9*1*. ij- 95 2.1
90.1 10.50 93.7 95 2.8
89.9 8 91o9 92 2.1
89.7 9.12 92.9 88 1.5
89.7 8.80 92.3 95 2.1
89.6 10.20 92.0 95 2,b
89.^ 7.80 92.3 92 2.0
89.3 9.22 93.5 90 2.6
89.2 9.bi 9b 9b 95 3.2
89.2 8.30 92.3 95 1.6
89.0 7.68 91 93 2.b
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TABLE 5
Coefficients of Statistical Model
B =1 5 ,31+ B11= -0.02183 B22 = - 2.117
B1= 1+.911 B12= 0.912 B2- = 1.105
B2= -118.10 B13= -0.01366 B2Ẑ  = 0.1062
B_= O.87I9 -0.00983^ B31 = B13
Bij. = -11*65 ®21 = B12 B32 = B23
B33 - -0.02
B3i|. “  C .1E85 1̂+3 "" B3l+
Bju = Bllf BW  = -0.05252
ER 1^21 22
TABLE 6
Comparision of results of RON.F^




90.^ 90 A +0.0


















Comparision of R0N.F4 with
published literature values (Circa 1940)











Isoparaffins having a tertiary carbon atom are found 
to be applicable to alkylation with olefins, with the use 
of acid catalyst. The carbonium ion concept as proposed by 
Whitmore (1932) has been applied to alkylation by Schmerling 
(1953)> and Barlett, et al. (19^0*
A reaction scheme given by Jernigan, et al. (19 6 5) is 
shown in Fig, 2, According to this reaction scheme, an 
excess of isobutane is used to saturate large amounts of Cg 
carbonium ion, to give Cg alkylate and to produce another 
Cij. carbonium ion (reaction 3)* That is, the saturation of 
carbonium ion, Cg, can be kept high as long as low space 
velocities or a large excess of isobutane can be attained, 
so that Cg saturates in the product can be considered as 
primary product.
In the studies of Jernigan, et al. (1965)» and Sprow 
(1970), the measure of alkylate quality used is the ratio of 
primary to nonprimary alkylate, which is the ratio of Cg to 
all other alkylate. Research, motor, and aviation super­
charged engine (s-^ performance) number are well correlated 
with this ratio. (Fig, 3 and *0
Feed analyses and gas chromotographic analyses of the 






is the I-C^ carbonium ion
H+ proton from acid
I-C^ is isobutane 
Cg is saturate
Figure 2.
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Figure Alkylate Yield Correlation
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In common with Sprow(l970), the following assumptions 
are made *
1. The dominant mass transfer limitation is the transport
of isobutane across the hydrocarbon-acid interface.
2, Temperature and acid strength are fixed.
3* The reaction vessel is perfectly mixed.
In place of the use of kinetic models to meet the
quality and quantity correlations, linear-regression computer 
analysis has been used to predict performance numbers, percent 
volume product of trimethylpentanes, volume percent product 
of heavy ends, and percent volume yield conversion. The 
resulting equations obtained from analyses and the comparisons 
of results derived from equations are given in Tables 9 and 10. 
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Vol % TMP = - ?1.7l6 + 0.455(VAC) - 23.06(SPV)
STANDARD ERROR OF ESTIMATE =3.28 







Vol % HES = 30.20 - 0.18(10^/0) - 0.203(VAC) + A 
STANDARD ERROR OF ESTIMATE= 2.^6 













PERFORMANCE NUMBER = 14.09 4  0.81(AST) 4
STANDARD ERROR OF ESTIMATE =1.83 







Volume % yield = 88.8 4- 0.126(VAC) -
STANDARD ERROR ESTIMATE = 1.57 





















For the.prediction of the relationships among clear 
Research Octane Number,Percent Volume-Conversion(that is,
Barrells of Alkylate per Barrels of Total Fresh Feed) and
key variables in Hydrofluoric Acid Unit, data for 19 days 
have been applied to a polynomial least square curve-fitting 
program (Appendix 2), Results obtained from computer output 
have been correlated with actual commercial values and are 
found to be agreeable.
Figure 5 shows the relationship between Clear Research 
Octane Number and Temperature within certain ranges of 
Isobutane-to-Olefin Ratios. The equations obtained for the 
curves drawn are as follows? (Computer Output is included in 
Appendix 3)*
1 pI y = 2ki.k5 - 3.24-x + 0.017x
IX y = 2^0.01 - 3.22x + 0.017x2
x's being temperature, and y's being Research Octaone 
Number values. Figure 6 shows the relationship between Clear 
Research Octane Number and Isobutane-to-Olefin Ratio within
certain ranges of temperature. The equations to the curves are:
I  y = 77.03 + 2 . i x  -  o .o8x2
II y = 81.21 + 1.23 x - ' O.Oil-x2
x's being Isobutane-to-Olefin Ratios, and y's being
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Research Octane values.
The same effort has been applied to find the relationship 
between Percent Volume-Conversion and Isobutane-to-Olefin 
Ratio, v/ithin certain ranges of Acid-to-Hydrocarbon Ratios,
The equations obtained are:
I  y= - 373.3 + l > ? .5x -  1 5 .8x2 + 0. 57x3
II y = 64.13 + ?.66x - O.Olx2 + 0.049x3 ,





IC4/o =9.9-II.89 0 -
RON
88 9 49>2WO86










Figure 6. Clear RON versus Isobutane-to-Olefin 
Ratio
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97-
O  Data points 









The' program used in this study determines the hyper­
plane of the best fit in the sense of least square deviations. 
The step-wise procedure brings the variables into regression 
one at a time, most significant variables being first. The 
step-wise procedure has the advantage that a variable once 
deemed significant may, at a later stage of the regression, be 
found to be insignificant and taken out of the regression.
Once the regression is complete, a further test of significance 
is made on the coefficients that have been determined. If 
the standard error of a coefficient is larger than the 
magnitude of the coefficient, then the coefficient is judged 
insignificant and the variable is taken out of the regression. 
For the Hydrofluoric acid unit, the variables used to 
find correlations among percent yolume-Conversion(that is, 
total volume of alkylates per total volume of fresh feed) and 
Clear Research Octane Number were Isobutane-to-Olefin Ratio, 
percent Spent Acid Strength, Temperature, and Acid-to- 
Hydrocarbon Ratio,
The linear equation found for clear Research Octane Number
is t
RON= 90,99 + 0.25(IC*j/0) " 0.03MT) - 0.23(AC/HC),
The data used was obtained from two different refineries,, 
and covered a range reasonably v/ide enough to be applicable
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TABLE 11
(Number of data points: 39)
Comparison of clear research octane number for HF unit






STANDARD ERROR OF ESTIMATE FOR LINEAR REGRESSION = 0.24 
MULTIPLE-CORRELATl'ON COEFFICIENT = 0o90
Comparison for percent volume conversion for HF unit






STANDARD ERROR OF ESTIMATE =1.62 
MULTIPLE-CORRELATION COEFFICIENT = 0.95
m  i42i 4l
to all commercial plants0 Comparision of the results with 
other refineries is given in Table 11•
The equation resulting for percent volume-conversion
is:
Vol. fo Conversion = ’135.24 t 2.99(IC^/0) - 0.83(AST)
The comparison of results appear in Trite 11.
The same efforts have been made for Sulfuric acid unit using 
Temperature, Percent Isobutane in Reactor Effluent, Percent 
Spent Acid Strength, Space Velocity, and Isobutane-to-01efin 
Ratios as variables*
The resulting equations for Clear Research Octane Number 
and total volume of Alkylate Product per total volume of 
Alkylate Product per total volume of Olefin Feed are as 
follows:
ALK/O = 0.92 + 0o09(IC^/0) - O.OiSdC^EF) + 0.008(AST)
- 0.21(SPV)
RON = 3.042 - 0.2(T) + 1.08(AST).
Comparison of results is shown in Table 12*
34 days of data from two different refineries have been 
applied to linear analyses. An example output from computer 
is presented in Appendix 4.
In this analysis standard error of estimate explains the 
scatter in vertical direction of the observed points about the 
regress.1 on plane; mult .i pie correlation coefficient gives the fraction 
of the total variance of dependent variables that is accounted for 
by its regression on the dependent variables* In this study the 
values from 0*8 to lo0 were accepted for multiple correlation 
coefficients for maximum 50 data, points.
ER lkZl kz
TABLE 12 
( Number of data points: 3*0
Comparision of clear research octane number for H^SO^ Unit





STANDARD ERROR OF ESTIMATE =0.55
MULT1PLE-C0RRELAT 1"0N COEFFICIENT = 0.99
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DISCUSSION OF RESULTS
The results obtained from computer-programming studies 
were correlated with the values available in the literature, 
and with the data provided by existing commercial plants. The 
discussion will be divided into three parts, according to the 
different computer studies made during this investigation.
1. RON. 14- statistical modeling;
The variables and•operating conditions used are in the 
range used by commercial plants. Even the data from the 
19^0fs fit the model with deviations close to those found with 
more recent data, as can be seen in Tables 6 and 7* The 
deviation resulting from comparision, although:'it is not serious, 
can be explained by the wide range of the operating variables, 
applied to units during that period. Comparing isobutane-to- 
olefin ratio(maximum 6:1) , and spent acid strength(maximum 
87 percent) with recent accepted commercial values, the 
deviations arising among clear research octane numbers can 
be understood.
2. POLFIT.F^ polynomial curve-fitting:
Preliminary analysis of data suggested four main
conclusions:
A. Octane increases as the isobutane-to-olefin ratio increases.
B , Octane increases with reduced acid strength.
C, Octane increases with reduced reaction temperature.
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D, Octane increases with reduced acid-to-hydrocarbon ratio.
Often the fourth conclusion is not true0 However, it is felt 
that this is one of the pecularities of a horizontal reactor 
system with acid level affecting the mixing-reaction zone.
All of the four trends were present in the data, with the 
second and fourth results appearing somewhat inconclusive.
Since these two did not portray well graphically, upon 
application of curve-fitting computer program to the range 
of values of acid strength, temperature, acid-to-hydrocarbon 
ratio, only the first and third results are shown in Figures 5 
and 6 0
The percent-volume conversion values are well represented 
with the key variables in Figure 7.
3. Kinetic model versus linear model:
It was not possible to obtain sufficient data for 
application of kinetic models to both units. The only data 
available was for a KgS0^ alkylation unit, and was obtained 
by private communication. Multiple linear-regression program 
was applied to this data and compared with the published data 
available in literature(Jernigan, 1961).
Comparision of results from the kinetic model and 
multiple linear regression analysis showed deviations between 
two types of analysis to be insignificant(Tables 9 and 10).
4  . Linear models:
The results obtained from computer output were correlated 
with the values available from commercial plants and reported 
in literature(Albright,1966). These results are presented in 
Tables 11 and 12. The comparisions are encouraging,especially for 
hydrofluoric acid units. Unfortunately, the data for Hp SO^ were
ER 1^21 ^5
not wide enough; for this reason, an alkylate-to-olefin conversion 
comparision was not given.
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CONCLUSIONS
Upon discussion of results, the following conclusions 
can be drawn:
1« The statistical model developed for hydrofluoric acid 
alkylation units gives satisfactory results with the present 
data, and can be applied to the normal range of operating 
variables used by commercial plants.
2. Clear research octane number increases as the isobutane- 
to-olefin ratio increases .
3. Clear research octane number increases with reduced 
reaction temperature.
4. The acid-to-hydrocarbon ratio has a pronounced effect 
on clear research octane number.
5o The linear models obtained for hydrofluoric acid 
alkylation unit:
a. Percent volume conversion
b. Clear research octane number, and 
for sulfuric acid alkylation unit:
c. Alkylate-to-olefin conversion
d. Clear research octane number
give good cnnparisions within 5 percent with the more recent 
data, as can be seen in various cornparision tables in this 
report, and can be improved by application to a wider range 


































Severity factor for kinetic model 
Performance numbervsupercharge 





Volume percent of acid in reactor
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Appendix No. 1 
Statistical Model (RON.F^ Program)
£0ei? n jMfNSIC*; BC <41 #};<6|6) , X<28)
0002.’ H C < 11 s 4 , 911
2003c HC<2)*-118.1
0 0042 PEA[1 33, <X( I >,1 = 1,4)
Z0052 READ 44,(X( J),J=i,4)
00062 00=15.34
00072 BC<3)=,8719
00080 BC < 4 ) 3f»H , 65
00090 0(1,1)=-.02183
















00260 00 111 !sl,4
00270 A = A + 8C < I ) ( J)
00280 PRINT 66,A
00290 66 F0RMAT(Fl2.6")






00360 77 P0RMAT(F 12 « 6)
00370 P 0 N s 3 0 + A + C
00380 PRINT 55,RON
00390 55 F0HMAT(5X,F5,1>
0 04 02 33 F0RMAT(4F)




Appendix No. 2 




E R  1 ^ 2 1  52
C L E A S T  S i’jU A h E P ACK
c:i ■.e i o f -  a(3c,:v/),ul.(30 ,:$/•), x< 3 c ) , b<33) , ips<3^ )
L !M ENSlCf Y P K E D ( 3 P >  . XD a'I A < 3 0 > . Y O A tA (3*) , (33) , Y n t P I V < 3 0 )
C I Y E N S  I PELTS,') ( 3s) > »5 I G U S H  ( 37 )
Cov,m o j ip s  
C E P S I L O N  i s G R E A T E R  t h a n
( ( v a r i a n c e  a t  m - v a r i a n c e  a t  <m - i ) > / (v a r i a n c e  a t  (m - d  )
THAT IS t h e  C R I T E R I O N  FOR Twr R E S T  L E A S T  S u U a RE FIT,
ANu N H E N  T H A T  C O N D I T I O N  IS S A T I S F I E D  THE P,'<0GRA M f.NOS.
R E A D  s i , e p s i l o
51 EOR-MAT(IF)
P R I N T  301
301 F O R M A T ( 4 5 X , ’E P S I L O N '  )
PRINT 3 3 2 , EPSI LO
302 F O R M A T ( 4 5 X , F 2 0 . 6 )
C \ a \ U M 0 E R  OF D A T A
R E A D  1,N
1 F O R M A T (13)
PRINT 303
303 f o r m a t ( 3 0 X , ' t o t a l  numbe r  o f  d a t a * )
P R I N T  3 0 4 , N 
X N a N
304 F O R M A T ( 3 O X , 110)
C I N P U T  OF X G A T A
READ 2 , ( XOATA( I ) i 1 = 1 , N)
2 F 0 R M A T ( 6 F )
P R I N T  305
3 0 5  F O R M A T ( 4 0 X , » I M P J T  OF X D A T A 1 )
P R I N T  1 0 2 , ( X O A T  A ( I ) , 1 = 1 , N>
C I N P U T  OF Y O A T A
READ 2 , ( YDAT A ( I ) , 1 = 1 , M)
P R I N T  3 0 6
306 FORMATU0X, ' INPUT OF Y 0ATA '>
P R I N T  102, ( Y D A T A ( I ) , 1 = 1 , N)
C I N P U T  OF W E I G H T  F A C T O R
R E A D  2, (W-( I ) , 1=1, N)
P R I N T  3 0 7
3 0 7  F O R M A T ( 4 0 X , ' W E I G H T  F A C T O R S ' )
print 102,(w<1),1=1 ,n>
C FI RST ASSUME A STRAIGHT L I NE
M = 2
100 P R I N T  351
351 F 0 R M A T ( 4 3 X , ' N U M B E R  QF C O E F F I C I E N T S  IN L E a ST S Q U A R E  FIT')  
P R I N T  5 2 , H
52 F O R M A T ( 4 3 X ,  110)
X M = M
C CALCULATE A(l,l)
1=1 
7 J = 1 
5 X J a J
XI = I
s U M 1 r 0 , 0 
CO 3 K = 1,N
3 S U m 1 8 3 U M 1  + W(K)*(XDaTA(K)*»(XUXJ-2,))
A( I , J ) b S !|m 1 
I F C J . E C . M )  GO t o  4 
J=j*l
C C A L C U L A T E  a <1,2)
GO TO 5







22 PFI:\.T 112 
on TO 17
13 I F { IHXP J V-K) 14.15,14
14 v = I PS(K )
IPS(K)3lPS<IDXPIV)
I P S ( I D X P I  V ) = J
15 KP=IPS(K>
PIVOTaUL(KP,K>
K P1 s K ♦ 1 
DO 16 IsKPl,M 
IP=IPS(I)
EMs-UUIP,K)/PIVOT 
LL( IP,K) = -EH 
00 16 J a K P1 ,N








SUBROUTINE IMFR'JV { N , A , UL , g , X, 0  j G I IS )
Cl HENS I ON A<33,1>,Ul<33,1),3<32>,X(30>,R(30),DX<30>
DOUBLE PRECISION SUM EPS si ,0f>8 
ITMAXai6 
X N 0 R M s 0 t 0 
00 1 1=1,N 
1 XNORMs AMAXI< XNORM,a BS(X (I)>)
IF(XN0RM,NE,8.) GO TO 3 
D I G I T3=~ALOGl0(EPS)
GO TO 10
3 DO 9 I TER = 1, I TMAX 
DO 5 1=1,M
S U M a 0 , 0 
DO 4 J = 1, N





CO 6 I=1, n 
T = X< I )
X ( I ) =X( I )+0X<T)
0 X N Q R ' 1 = A H A X1 ( P X \J 0 P M, A B S ( X ( I ) ~ T ) >
6 CONTINUE
1 F C ITEP.NE.l) GO TO 8
C IG I T3 = "AL0G17( AM A Xl ( 0 X NOP i.l/x NORM . EPS))
8 IP(D X N 0 R M-E P S » X N 0 R M ) 10,10,9
9 CONTINUE 
P R I N T  7
7 FORMAT (53'40 NO CONVERGENCE IN TNPRUV. m ATr i x IS NEARLY SINGULAR.) 




C CALCULATE A(2.1> SO (IN..
GO TP 7 
6 F W I *\‘T 30 8 
30b F 0 R U A T ( 2 5 X , ' C 0 E r F I n 1 E M T S OF' MATRIX A*)
P R I N T  102, ( ( A( I . J) , l = l,M> , J = 1,1-1)
102 F O R m a T ( 6 F ? 0 . 6 )
C CALCULATION OF 0 
1=1 
1Z X I a I
S U M 2 = 0 . 0 
CO 8 K = 1,M
8 S U M 2 = S U M 2 + w ( K ) » ( X D a T A ( K ) * * ( X I - 1 . ) ) » Y Q a TA(K)
0( I )*SUM?
IF(I,EQ,M) GO TO 9 
1 = 1*1
c c a l c u l a t e: n e x t b .
GO TO 10
9 PRINT 309
309 F0RMAT<25X, 'COEFFICIENTS OF MATRIX B ’> .
PRINT 102. (B<I).1=1,M)
NNsM
C SOLUTION OF AX = 8 BY GAUSSIAN ELIMINATION.




212 FORMATdHl, ' INPUT A,B’)
211 F0RMAT(25X.’COEFFICIENTS FOR LEAST SQUARE FIT*)
212 FORHAT(30X,’IMPROVED COEFFICIENTS FOR LEAST SQUARE FIT’) 
CALL DECGMPCNN,A * UI.)
CALL 30LVE(NN,ULiB,X)
PRINT 211 
CO 401 1=1, m  
401 PRINT 202, X U )
CALL IMPFHJ V ( N N , A , UL * B , X , D I G I TS)
PRINT 212 
DO 501 1=1,NN 
501 PRINT 202,X(I)
PRINT 202,DIGITS 




DO 12 J = 1,M 
XJ 8 J
SUM3sSUM3*X(J)«(XOa TA(I )**(XJ-1> >
12 CONTINUE
Y P R E D ( I ) = S (J M 3 
IF( I ,EQ.M GO TO 13 





C CALCULATION OF DERIVATIVE OF Y
1 = 1 
63 XI si
3 U M 5 = O • 0 
00 61 J»2,M
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X J = J
S U M ̂  s S U M b ♦ X ( J ) » ( X J -1 . ) * ( X 0 A T A ( I ) * * ( X J - 2 . ) )
61 C O N T I N U E
YflER I V ( t ) sSUM-5
i r < I , E N . L )  GO TO 6?
I = I ♦ 1 
GO TO 63
62 PRI VT 64
64 r o R M A T ( 5 0 X , ' D E R I V A T I V E  OF Y •)
P R I N T  15"? » ( Y D E H I V ( T ) , 1 = 1 , M)
C C A L C U L A T I O N  OF SUM OF SOUARfc. OF O I F F E R E M C E .
1 = 1
S U M 4 b ,3 t 0
20 S U M 4 a S U M 4  + W( I )»( (Y p R E D ( I ) * Y 0 A T A ( I ) >*«2. >
I F ( I ,E 0 , N ) GO TO 19 
1 = 1 + 1 
GO TO 20 
19 C E L T S 0 ( M ) a S U M 4
c c a l c u l a t i o n  of v a r i a n c e
X A L s X M - i ,
S I G M S Q (M )= D E L T S Q ( M ) / ( X N - X A L - 1  . )
P R I N T  321 
321 F O R M A T U 0 X ,  ' V A R I A N C E 1 ) 
p r i n t  9 1 , s i g m s q < m >
91 F O R M A T ( 4 0 X , E 13 » 6)
■IF<M,EQ.2> GO TO 83
C I F F s i A 0 S < S l G M S Q < M ) - S l G M S Q ( M " l >  ) / ( S I G M S O < M « l )  )
I F C D I F F . L T . E P S I L O )  g o  t o  80 
L = N * 1
IFCM.EQ'.L) GO TO 80
8 3 M s M *1
GO TO 100 
80 S T O P  
E N O
S U B R O U T I N E  D E C O M P (N , A ,U L >
D I M E N S I O N  A ( 3 0 , 1 ) , U L < 3 0 > D . S C A L E S ( 3 0 ) , I P S (30)
C O M M O N  IPS
111 F O R M A T ( 5 4 H O M A T R I X  W I T H  Z E R O  R O N  IN D E C O M P O S E .
112 F O R M A T (5 4 M 0 S IN G J L A R M A T R I X  IN D E C O M P O S E ,  Z E R O  D I V I D E  
CO 5 1 = 1 , N
I PS < I > * I 
ROW!\'RMb0 , 0  
00 2 J = 1» N 
U L ( I , J ) a A ( I # J )
IF { R 0 W N H M - A B S ( U L ( I . J) ) )' 1 * 2 , 2
1 RQ W \ I R M s A B S ( U L (  I , J) )
2 CONTINUE 
IF(ROWNRM) 3 » 4,3
3 S C A L E S ( I ) =1 , 0 / R O W N R M  
GO TO 5
4 P R I N T  111 
S C A L F S t  I > s 0,0
5 C O N T I N U E  
N M 1 c N »1
DO 17 K 3 1 , MMl  
B I G a 0 , 0
00 11 I a K ,N
1 Pa I P S ( I )
S I Z E = A B S ( U L ( I P , K ) ) » S C A L E S ( I P )




i; I MF N s 1 or UL '< 30 ,1) , X ( 3. )•, B ( 3 ;1) , IPS ( 30 )
c os< u n m I p s
M M  sN*l 
I P = 1 P S ( 1 )
X ( 1 ) 3 1 ( I P )
CO 21 1= 2 *N
I r s i p 3 (i >
I M 1 s I 1
SI'Ms 0,0
CO 51 J = 1 . I Ml 
51 SUM sS'JM + UL ( IP, J ) # X (  J)
21 X ( I ) 3 U ( I P ) - S U M  
I P = I P S ( N )
X ( N ) a X ( N ) /U L ( I P ,N )
CO 41 I B A C K  = 2 iN 
I = N P 1 -»I B A C K 
I P s IP S ( I )
IP1«I*1 sur-sse ,0
CO 31 J 3 I P 1 » n 
31 S U M = S U M + U L ( I P  I J ) * X < J )
41 X( I ) a ( X { I ) * S U M ) / U L ( I P # I )
RETURN
END
Appendix No, 3 




0 . 0 1 0 0 0 0
TOTAL NUMBER OF DATA 
'12*7/11.42/11.01/9.92/9.12/9.22 6









1 . 0 0 0 0 0 0





1 . 0 0 0 0 0 0 1 . 0 0 0 0 0 0
1.000000




COEFFICIENTS OF MATRIX A
63.389999 63.389999
COEFFICIENTS OF MATRIX B 
5718.208928 
COEFFICIENTS FOR LEAST SQUARE FIT 
0.8 6268614E+02 
0.3 67 38157E+00
IMPROVED COEFFICIENTS FGR LEAST SQUARE 
0.8 62 68 64GE+ 02 















90.934354 90.464109 90.313483 89
89.619137 89.65587 5
DERIVATIVE OF Y




NUMBER OF COEFFICIENTS IN LEAS
FIT
3
COEFFICIENTS OF MATRIX A
6.000000 63.389999 679.515690. 63
679.515690 7390.890945
679.515690 7390.890945 81545.440902 •
COEFFICIENTS 0F MATRIX B
540.899999 5718.208928 61335.283567 : V




IMPROVED COEFFICIENTS FOR LEAST SQUARE FIT 





90.782511 90.569445 90.445682 89
89.526874 89.589830
DERIVATIVE OF Y
0.063902 0.269013 0.334712 0
0.63757 1 0.621547
VARIANCE_____
- ___ __ j____________.____c 0~._60794 1 ET- oT)
ER 1*1-21 60
Appendix No. *J- 
Example Output to Multiple Linear-Regression 
Program
ER 1^21
GN0. OF I MIN F vJ T UN 1 VAR I A hL F S 5
CM UMB ER 0 F 0 b SF R VA TI 0 M S 1 6
OPREL I MI MARY AN AL Y SIS OF L'A1/i
OSTANDARD DEVIATIONS AND MEANS
VAR NO. VAR NAME DEV MEAN
1 I C4/0 1 . 0 1 1 49 ( 6.92 612
2 T 1 . 52 61 6 45. 06250
3 I C4EF 4. 508 48 6 6. 28 7 50
4 AST 1.06562 91.28 7 505 SPV 0.05665 0.273136 ALK/0 0.036 67 0.95375
OC0 RR EL ATI ON COEFFICIENTS
IC4/0 VS T -0.66966
i e 4/0 VS IC4EF 0.95488
I C4/0 VS AST -0.15843
IC4/0 VS SPV 0. 28370I C4/0 VS ALK/0 0. 188 1 5
T ? VS IC4EF -0. 62 578
T. VS AST -0. 05689
T VS SPV -0.21830
T ■ • vs ALK/0 -0.12358
IC4EF* vs AST -0.23872
IC4EF vs SPV 0.37053
IC4EF - vs ALK/0 Y5J) -0.07108'
AST vs SPV 0.24584
AST vs ALK/0 - 0. 289 ̂ 8
SPV VS ALK/0 -0.40069
IN UMBER 0F IN DEPENDF'NT 




OC0EFFICIENTS 0F THE REGRESSION EQUATION 











0.08 98 3 





0 .  0 0 ^2 3
0.00 529 
0. 1 Ô ZiS
0.9 22 00
0C3EFFICIFNT OF MULTIPLE DFTERMINATI0N 
OMULTIPLF. CORRELATION COEFFICIENT





A .  3 6474
1.42288 . 
1 .9 6674',
OSTANDARD ERROR OF ESTIMATE 0.01828
